OBJECTIVE: To investigate the effects of leptin and the combination of insulin and leptin on glucose metabolism in incubated rat soleus muscle. ANIMALS: Male lean albino rats (50 ± 70 g) of the Wistar strain were used in all experiments. MEASUREMENTS: 2-Deoxy-D-[
Introduction
The ob gene product, leptin, is produced in adipose tissue. In obaob mice, a mutation in the ob gene prevents normal leptin production and results in obesity and diabetes. 1 Daily injections of recombinant leptin inhibit food intake and reduce body weight and fat mass in obaob mice, 2, 3 and normalize glycaemia and insulinaemia. 3, 4 It was also observed that changes in glycaemia precede changes in body weight. 4 Additionally, pair-feeding studies 5 and experimental hyperleptinaemic animal models 6 provide compelling evidence that leptin exerts adipose-reducing effects in excess of those induced by decreases in food intake, suggesting a signi®cant metabolic regulation role for leptin, in addition to appetite suppression. Under conditions of clamped glycaemia, 7 leptin increases insulin sensitivity in normal rats both under fasting conditions and in the presence of hyperinsulinaemia; these effects do not appear to be dependent on altered body weight. It is also important to notice that the leptin receptor or its splice variants have so far been identi®ed in many different tissues including skeletal muscle, 8 which may be a possible target site for leptin action. It was recently shown that leptin stimulates glucose transport and glycogen synthesis in C 2 C 12 myotubes, 9 in opposition to previous ®ndings that leptin impairs insulin signaling, that is, insulin receptor autophosphorylation and insulin-receptor substrate (IRS)-1 phosphorylation in rat-1 ®broblasts, NIH3T3 cells 10 and HepG2 cells. 11 In order to test whether leptin is able to directly and acutely alter glucose metabolism in skeletal muscle, 2-Deoxy-D-[ C]-pyruvate decarboxylation were measured in incubated rat soleus muscle. The effect of leptin was also compared to those of physiological (100 mUaml) and supra-physiological (10 000 mUaml) insulin concentrations.
Experimental design and methods

Animals
Male lean albino rats of the Wistar strain were used in all experiments. The rats were obtained from the Institute of Biomedical Sciences, USP, Sa Äo Paulo, and housed in cages with free access to water and standard rat food, except for the night before the experiments, during which they were not allowed to eat. The animals were maintained in a constanttemperature (23 C) room, with a ®xed 12 h arti®cial lighta12 h dark cycle (07.00 ± 19.00 h). The range of their body weight was 50 ± 70 g. All rats were anaesthetized with pentobarbital sodium 5 mga100 g body weight (b.w.) immediately before the experiment. The in vitro preparation of rat soleus muscle Soleus muscles weighing approx 20 mg were rapidly dissected, 12 weighed and incubated in a shaking incubator at 37 C.
Soleus muscle incubation
Soleus muscles were placed, immediately after dissection, in 25 ml-erlenmeyer¯asks containing 3.0 ml of previously gassed (20 min of O 2 :CO 2 a95:5 volavol) Krebs-Ringer bicarbonate buffer with 1% defatted bovine serum albumin (BSA) and 5.6 mM glucose. The¯asks were then resealed with rubber stoppers and gassed (O 2 :CO 2 a95:5 volavol) during the entire pre-incubation period (30 min) and also for the ®rst 15 min of the incubation period (1 h) for all experiments. After pre-incubation (which was necessary to wash out endogenous insulin), muscles were transferred to a second set of¯asks containing 3.5 ml of the same Krebs-Ringer bicarbonate buffer 13, 14 with either 2-DG (0.2 mCiaml), [U- was added to the incubation medium containing glucose isotopes, and cold pyruvate (2 mM) was added to the incubation medium containing pyruvate isotopes.
Protocol to investigate the skeletal muscle response to leptin
In order to investigate the glucose metabolism response of skeletal muscles to increasing leptin concentrations, incubations (60 min) were carried out under physiological (1 and 10 nM) and supra-physiological (100 nM) leptin concentrations. All leptin concentrations were compared to a control (no leptin) condition.
Protocol to investigate the skeletal muscle response to the combination of leptin and insulin
In order to compare the insulin and insulin plus leptin effects on glucose metabolism in skeletal muscle, the following groups (combining physiological and supra-physiological insulin and leptin concentrations) were assigned: control (no insulin, no leptin), insulin (100 mUaml and 10 000 mUaml), insulin plus leptin (insulin 100 mUaml leptin 10 nM; insulin 10 000 mUaml leptin 10 nM; insulin 100 mUaml leptin 100 nM; insulin 10 000 mUaml leptin 100 nM). When [1- C]-pyruvate decarboxylation was investigated, the soleus muscles were assigned to four groups: control (no insulinano leptin), I10000 (insulin 10 000 mUaml), L100 (leptin 100 nM), and I10000 L100 (insulin 10 000 mUaml leptin 100 nM). Experiments with [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-and with [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-pyruvate were carried out separately.
2-DG uptake in soleus muscle
After incubation, the muscles were washed in cold 0.9% NaCl for 2 ± 5 min, blotted on ®lter paper, frozen (N 2 ) and dissolved in 0.5 ml of a 1 N KOH-solution. 15 The radioactivity of this solution was measured in a Hewlett Packard, TRI-CARB 2100 TR, scintillation counter.
Glycogen synthesis
The isotope tracer [U- 14 C]D-glucose was used to measure the incorporation of glucose into glycogen. Formation of glycogen from labeled glucose was estimated after digestion of the muscle in 0.5 ml of a 1 N KOH-solution at 70 C. Carrier glycogen (10 mg) was added to the hydrolysate and glycogen was precipitated at 720
C for 1 h with ethanol (66%). 15 The glycogen precipitate was washed twice with ethanol (66%) and dissolved in 0.5 ml water and its radioactivity determined by using a scintillation counter (Hewlett-Packard, TRI-CARB 2100 TR).
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Radiochemical lactate
The isotope tracer [U- ] compounds in the incubation medium. In short, columns of the Dowex formate resin 2X8-400 (2.0 ml bed volume) were made in disposable 2 ml syringes blocked with a ®ber glass layer. The columns were loaded with 1.0 ml of incubation medium. After the sample had completely run into the column, it was washed with 6 ml of distilled water. [ 14 C]-Lactate was eluted off the column using a total of 6.0 ml of a 0.5 M formic acid solution. Aliquots (0.2 ml) of the formic acid ef¯uent were taken for liquid scintillation spectroscopy to determine the quantity of lactate produced from medium glucose. After pre-incubation, the muscles were transferred tō asks which had a centered-isolated well containing a loosely folded piece of ®lter paper moistened with 0.2 ml of 2-phenylethylamineamethanol (1:1, vav). After the 1 h incubation period, the muscles were quickly removed from the medium and the¯asks immediately resealed with rubber stoppers. The medium was then acidi®ed with 0.5 ml H 2 SO 4 (1 M) and the¯asks incubated for a further 60 min period. Following the incubation, the ®lter paper was transferred into vials for measurement of radioactivity by using a scintillation counter (Hewlett Packard, TRI-CARB 2100 TR). Glucose decarboxylation was calculated on the basis of the speci®c gravity of glucose and the amount of radioactivity isolated in CO 2 per hour. Blank values of glucose oxidation were determined from control incubations in which there were no muscles. The CO 2 formation was expressed as mmoles of glucose in CO 2 ah per g wet weight.
Pyruvate decarboxylation was expressed as percentage of control values.
Statistical analysis
Data are presented as means AE s.e.m. Statistical analysis was performed by one-way analysis of variance (ANOVA) with Tukey-Kramer multiple comparison test. The level of signi®cance was set at P`0.05. (leptin 100 nM). Under physiological leptin concentrations (1 ± 10 nM), 2-DG uptake increased by 39%, reaching a maximal 45% increase in the presence of a supra-physiological (100 nM) leptin concentration ( Figure 1 ). These ®ndings suggest that leptin per se exerts an insulin-like effect on skeletal muscle. The combination of insulin and leptin did not cause any additional increment in 2-DG uptake, indicating that leptin did not potentiate the insulin effect on glucose uptake in soleus muscles (Figure 1 ). The insulin effect ) in soleus muscles incubated (1 h) in the presence of leptin, insulin, and insulin plus leptin. Data are presented as mean AE s.e.m.; Control no insulinano leptin; Leptin groups: 1, 10 and 100 nM; Insulin groups: I 100 insulin 100 mUaml; I 10000 insulin 10 000 mUaml; Insulin leptin groups: I 100 L 10 insulin 100 mUaml leptin 10 nM; I 10 000 L10 insulin 10 000 mUaml leptin 10 nM; I 100 L 100 insulin 100 mUaml leptin 100 nM; I 10000 L 100 insulin 10 000 mUaml leptin 100 nM. * P`0.05 vs control group. ** P`0.05 vs control and leptin groups. *** P`0.05 vs control, I 100, and leptin groups (1, 10 and 100 nM). n 10.
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Glycogen synthesis
The rates of glycogen synthesis were 0.36 AE 0.04, 0.48AE 0.06, and 0.79AE 0.09 (P`0.05) mmolah 71 a g 71 in soleus muscles incubated in the presence of 1, 10 and 100 nM leptin concentrations, respectively (Figure 2 ). When soleus muscles were incubated in the presence of insulin, the glycogen synthesis rates raised from 0.37 AE 0.04 mmolah 71 ag 71 (basal) to 2.50AE 0.53 (P`0.05) and 4.27 AE 0.68 mmolah 71 ag 71 (P`0.05) for the physiological (100 mUaml) and supra-physiological (10 000 mUaml) insulin concentrations, respectively (Figure 2 ). Soleus muscles incubated with the combination of leptin and insulin did not elicit any increment in glycogen synthesis rates beyond that observed for insulin, indicating that leptin did not potentiate the effect of insulin on glycogen synthesis ( Figure 2 ). It is also worth noting that the maximal insulin effect was markedly higher (almost 10 times) than the maximal leptin effect on glycogen synthesis in incubated muscles. In the presence of leptin (100 nM), the conversion of [U-
14
C]-glucose into 14 CO 2 presented a maximal 3-fold increase (P`0.05) (Figure 3 ) as compared to Figure 2 Glycogen synthesis (mmolah 71 ag 71 ) in soleus muscles incubated (1 h) in the presence leptin, insulin, and insulin plus leptin. Data are presented as mean AE s.e.m.; Control no insulinano leptin; Leptin groups: 1, 10 and 100 nM; Insulin groups: I 100 insulin 100 mUaml; I 10000 insulin 10 000 mUaml; Insulin leptin groups: I 100 L 10 insulin 100 mUaml leptin 10 nM; I 10000 L 10 insulin 10 000 mUaml leptin 10 nM; I 100 L 100 insulin 100 mUaml leptin 100 nM; I 10000 L 100 insulin 10 000 mUaml leptin 100 nM. * P`0.05 vs control group. ** P`0.05 vs control and leptin groups. *** P`0.05 vs control, I 100, I 100 L 10, I 100 L 100, and leptin groups (1, 10 and 100 nM). n 10. Ins 100 insulin 100 mUaml; Ins 10 000 insulin 10 000 mUaml; Ins 100 Lep10 insulin 100 mUaml leptin 10 nM; Ins 10000 Lep100 insulin 10 000 mUaml leptin 100 nM; Ins100 Lep100 insulin 100 mUaml leptin 100 nM; Ins 10000 Lep100 insulin 10 000 mUaml leptin 100 nM. * P`0.05 vs control group. n 8.
Leptin raises muscle glucose metabolism RB Ceddia et al control. It is also worth noting that leptin potentiated the 14 CO 2 production effect of physiological (100 mUaml) or supra-physiological (10 000 mUaml) insulin concentrations (Figure 3 ). Compared to the control group (no insulin, no leptin), the decarboxylation of [U- 14 C] D-glucose increased 125% (P`0.05) and 275% (P`0.05) for insulin 100 mUaml and 10 000 mUaml, respectively. When leptin (100 nM) was combined with insulin in the incubation medium, the 14 production from [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-pyruvate beyond that observed for the leptin incubated muscles ( Table 2) .
Discussion
Previous studies have reported that daily intraperitoneal injections of leptin for 28 d produce a signi®cant dose-dependent reduction in glycaemia and insulinaemia in obaob mice, but not in lean mice. 4 Leptin also causes reduction in body weight when given by intracerebroventricular injection to rats fasted for 24 h. 18 Pair feeding studies 5 have also demonstrated that reduced food intake does not completely account for adiposity reduction after ob protein infusion, suggesting a signi®cant metabolic regulatory role for leptin. Besides the indications that leptin presents a clear effect on glucose metabolism, very few data I 100 insulin 100 mUaml; I 10000 insulin 10 000 mUaml; Insulin leptin groups: I 100 L 10 insulin 100 mUaml leptin 10 nM; I 10000 L 10 insulin 10 000 mUaml leptin 10 nM; I 100 L 100 insulin 100 mUaml leptin 100 nM; I 10000 L 100 insulin 10 000 mUaml leptin 100 nM. * P`0.05 vs control group. ** P`0.05 vs control and I 100 groups. *** P`0.05 vs control, I 100, I 10000 and leptin groups (1, 10 and 100 nM). n 10. Leptin raises muscle glucose metabolism RB Ceddia et al have been published regarding this issue. It has been reported that leptin impairs the intracellular insulin receptor signaling pathway in rat-1 ®broblasts, NIH3T3 cells 10 and HepG2 cells, 11 suggesting that leptin may antagonize some effects of insulin. On the contrary, our ®ndings provide evidence that in skeletal muscle of lean rats, leptin exerts an insulin-like effect, which is in accordance with the results observed with C 2 C 12 myotubes. 9 Recently, in vivo studies 19 have demonstrated acute effects of intravenous and intracerebroventricular administration of leptin on glucose uptake in skeletal muscle being mainly mediated by the central nervous system (CNS). On the other hand, an increase in glucose uptake by the denervated soleus muscle after intravenous administration of leptin was attributed to hormonal factors such as higher levels of triiodothyronine (T3) in leptin-infused mice. 19 Our in vitro studies provide evidence that independent of either hormonal factors or the CNS, leptin per se raises glucose uptake and stimulates its metabolism in soleus muscle.
The mechanism by which leptin stimulates glucose uptake, glycogen and lactate synthesis remains to be determined. However, as previously postulated, there seems to be crosstalk between the leptin and the insulin intracellular signaling pathways at the level of phosphatidylinositol-3 kinase (PI3-kinase). 9 In skeletal muscle, the insulin effect on glucose uptake is mainly mediated by GLUT4 translocation. A central role of PI3-kinase, both in the signaling to GLUT4 translocation and glycogen synthesis, has been demonstrated. 20, 21 It is also in accordance with preliminary studies of skeletal muscle 22 that demonstrated increased (up to 2-fold) GLUT4 expression in leptin-treated mice, which suggests that glucose uptake (and insulin sensitivity) may be enhanced by leptin in the presence of normal levels of insulin and glucagon. In the present study, isolated soleus muscles were incubated in the presence of leptin for 1 h. This period of time does not seem to be suf®cient to induce a signi®cant increase in GLUT4 expression, so it is more likely that in our experiments, GLUT4 translocation was altered by leptin in such a way that glucose uptake was facilitated in soleus muscles. More studies are necessary to clarify this point.
In vivo studies, 23 using the euglycaemic hyperinsulinaemic clamp in rats, present evidence that an acute increase in plasma leptin enhances insulin's ability to inhibit hepatic glucose production, but does not affect peripheral insulin action. 2-Deoxyglucose uptake in skeletal muscle was not different between the control and the leptin infused rats. 23 These data are in agreement with our in vitro results combining leptin and insulin. We have found that leptin does not exert an additive effect on either physiological or supraphysiological insulin stimulated 2-Deoxyglucose uptake and glycogen synthesis in soleus muscle. Also the insulin effect on 2-DG uptake was almost three times higher than that caused by leptin. Therefore, under physiological conditions (in the presence of insulin), the leptin effect on 2-Deoxyglucose uptake and glycogen synthesis in skeletal muscle must be supplanted by those of insulin.
Contrary to our results are the data from Fu Èrnsinn et al, 33 presenting evidence against a direct effect of leptin on glucose metabolism in rat skeletal muscle. We used intact soleus muscle (15 ± 20 mg) from recently weaned male albino rats (50 ± 70 g b.w.) while slices of soleus muscle (approx 25 mg) from male Sprague-Dawley rats (140 g b.w.) were used by Fu Èrnsinn et al. 33 The controversial ®ndings between the studies may be due to differences in species, age of the animals and muscle extraction procedure (slicing). Finally, we have also to take into account that the sources of leptin were different.
According to our [U-
14
C]-glucose decarboxylation results, leptin (100 nM) exerted an effect similar to that of insulin (10 000 mUaml) on glucose oxidation (approximately 3-fold). Furthermore, the combination of insulin (10 000 mUaml) and leptin (100 nM) elicited an additive effect on glucose oxidation (6-fold increase). These ®ndings led us to investigate the possible sites whereby leptin stimulates glucose decarboxylation in skeletal muscle. We used both [ C]-pyruvate, respectively, indicate that leptin seems to stimulate the activity of both PDH and the Krebs cycle. It is also worth noting that leptin exerts a more powerful effect stimulating pyruvate dehydrogenase activity than insulin (Table 2 ). In addition, leptin did increase pyruvate decarboxylation through the Krebs cycle, whereas insulin did not elicit a signi®cant increasing effect on that variable. The mechanism by which leptin stimulates [1- C]-pyruvate decarboxylation remains to be investigated. We have also to consider that pyruvate per se stimulates PDH activity, therefore part of the effect on pyruvate decarboxylation may have resulted from the presence of this metabolite (2 mM) in the incubation medium. It is important to mention that all groups received the same medium containing cold pyruvate and still a signi®cant difference existed for decarboxylation among groups incubated in the presence or absence of leptin. It strongly suggests that leptin exerts a direct effect on PDH and other key enzymes of the Krebs cycle. However, it may also be a consequence of an indirect leptin effect such as activation of the mitochondrial uncoupling process. Mitochondria uncoupling reduces the intracellular Leptin raises muscle glucose metabolism RB Ceddia et al ATPaADP ratio, which activates PDH and the enzymes of the Krebs cycle. 25 It has been demonstrated that daily intraperitoneal injections of leptin increase energy expenditure, metabolic rate and body temperature in mice. 3, 4 Until recently, the thermogenic effect of leptin was thought to be con®ned to brown adipose tissue, the major site of uncoupling protein (UCP-1) expression. However, the recent discovery of UCP-2, 26 a far more ubiquitously expressed protein, and UCP-3, predominantly expressed in skeletal muscle, 27 raises the possibility that other tissues may also contribute to thermogenesis. Previous studies 22, 28 have reported that hyperleptinaemia up-regulates UCP-2 expression in fat tissue (epididimal, retroperitoneal and subcutaneous). In fact, the expression of UCP-2 was increased up to 2-fold in adipose tissue (white and brown) of leptin treated mice. 22 Skeletal muscle expresses both the leptin receptor (OB-R), 8, 28 and the UCP. 26, 27, 29 It has been demonstrated that leptin up-regulates the expression of UCP-3 mRNA, while no signi®cant effect was observed for UCP-2, in skeletal muscle of ob mice treated with intraperitoneal injections of leptin. 30 Also, the activity of the UCP can be highly regulated by purine nucleotides and fatty acids. 27, 31 Based on these ®ndings, and considering the high increment in glucose and pyruvate decarboxylation observed in the present study, we can speculate that leptin may up-regulate the uncoupling activity of UCP-3 in skeletal muscle, thus, indirectly activating PDH and the Krebs cycle, contributing to the whole body thermogenesis and energy expenditure. Indeed. besides glucose oxidation, it has also been demonstrated that leptin directly stimulates fatty acid oxidation in isolated soleus muscle. 32 Considering that skeletal muscle represents approximately 40% of the total body weight, 34 leptin stimulated thermogenesis and energy expenditure in skeletal muscle may represent a very important anti-obesity mechanism independent of the central nervous system.
